Background and Purpose-The aim of this study was to identify quantitative trait loci (QTL) for carotid intima-media thickness (CIMT) a risk factor for stroke and cardiovascular disease. Methods-Probands were selected from Caribbean Hispanic subjects of the population-based Northern Manhattan Study.
T he identification of the underlying genetic risk factors of stroke and cardiovascular diseases continue to elude us, particularly among the rapidly growing Hispanic population. Given the extreme complexity of genetic and environmental contributions to stroke, evaluation of risk factor phenotypes may reduce heterogeneity and facilitate gene discovery. Subclinical measurements of carotid intima-media thickness (IMT) offer the opportunity to evaluate the genetic determinants of these quantitative phenotypes. An American Heart Association (AHA) Scientific Statement advised that "Identification of important intermediate phenotypes (ie, phenotypes that mediate disease as opposed to phenotypes that represent the ultimate manifestation of a disease) may prove to be more amenable to genetic analysis." 1 The Genetics Panel of the National Institute of Neurological Disorders and Stroke (NINDS) Stroke Progress Review Group noted that "Quantitative intermediate phenotypes, such as IMT . . . offer significant potential for future stroke genetic studies." 2 Subclinical carotid disease is a well-documented risk marker for vascular disease. Ultrasound measures of carotid IMT have been demonstrated to be valid measures of pathologicallydefined atherosclerosis, highly reproducible, associated with vascular risk factors, and predictive of stroke and myocardial infarction. [3] [4] [5] [6] [7] Although prior studies have used measurements that have included carotid IMT, as well as plaque, they have differential relationships to risk factors and vascular outcomes. 8 Carotid IMT is considered a separate phenotype from carotid plaque and likely to have distinct genetic determinants. 9, 10 The heritability of carotid IMT ranges from 0.30 to 0.60 depending on the study population. [11] [12] [13] [14] The overall goal of the Family Study of Stroke Risk and Carotid Atherosclerosis is to identify genetic determinants of specific cerebrovascular risk phenotypes which are precursors to stroke. The aim of the work presented here was to detect quantitative trait loci (QTL) for carotid IMT by performing a linkage analysis among high-risk Caribbean Hispanic families.
Methods
The details of the design of the family study have been described. 15 In brief, a family study was derived from selected members of the Northern Manhattan Study (NOMAS). Probands were selected from high-risk Caribbean Hispanic members of NOMAS defined by the following criteria: (1) reporting a sibling with a history of myocardial infarction or stroke; or (2) having 2 of 3 quantitative risk phenotypes (maximal carotid plaque thickness, left ventricular mass, or homocysteine level above the 75th percentile in the NOMAS cohort). The majority of the probands (80%) were recruited based on the first criteria. Our family study was designed to enroll 1500 subjects to enable the detection of QTLs for traits with reasonable heritability. With our 100 families, we had more than 80% power to obtain LOD scores over 2.0 for traits with a heritability greater than 0.18.
Families were enrolled if the proband was able to provide a family history, obtain the family member's permission for the research staff to contact them, and had at least 3 first-degree relatives able to participate. Although the proband was identified in Northern Manhattan, we enrolled family members in New York at Columbia University and in the Dominican Republic at the Clinicas Corazones Unidos in Santo Domingo. All subjects provided informed consent, and the study was approved by the Institutional Review Boards of Columbia University, University of Miami, the National Bioethics Committee, and the Independent Ethics Committee of Instituto Oncologico Regional del Cibao in the Dominican Republic (DR).
Demographic, socioeconomic, and risk factor data were collected through direct interview based on NOMAS instruments. 16 Extensive questionnaires regarding hypertension, diabetes, smoking, alcohol use, and physical activity were completed. Measurements of height, weight, hip and waist circumference, and skin-fold thickness were obtained, as were serial blood pressures. Fasting blood was collected and processed for lipids (total cholesterol, LDL, triglyceride, HDL) and glucose. Extraction of DNA was done by the Columbia University Genome Center.
Phenotype Data: Carotid Measurements
All family members had high-resolution B-mode ultrasound to measure carotid IMT. Carotid ultrasound was performed according to standard scanning and reading protocols by a trained and certified sonologist as detailed previously. 11, 12, 17 In brief, the carotid IMT protocols yield measurements of the distance between lumen-intima and media-adventitia ultrasound echoes, from which the IMT and arterial diameter are derived for the 3 carotid segments. The carotid segments were defined as follows: (1) near and far wall of the segment extending from 10 to 20 mm proximal to the tip of the flow divider into the common carotid artery (CCA); (2) near and far wall of the carotid bifurcation beginning at the tip of the flow divider and extending 10 mm proximal to the flow divider tip (BIF); and (3) near and far wall of the proximal 10 mm of the internal carotid artery (ICA).
IMT measurements were performed outside the areas of plaque as recommended by consensus documents. 18 Plaque was defined as a focal thickening greater than 50% of the surrounding wall thickness. IMT was measured using an automated computerized edge tracking software M'Ath (Intelligence in Medical Technologies Inc) from the recorded ultrasound clips which improves precision and reduces variance of the measurements. 19 Total IMT is calculated as a mean composite measure of the means of the near and the far wall IMT of all carotid sites (IMTx), and the maximum of the near and the far wall IMT of all carotid sites (IMTm). We also examined carotid segment-specific IMT phenotypes (BIFx, BIFm, CCAx, CCAm, ICAx, ICAm). Our carotid IMT reliability statistics demonstrated excellent results. 20 Among 88 subjects, interreader reliability between 2 readers was demonstrated with a mean absolute difference in IMT of 0.11Ϯ0.09 mm, variation coefficient 5.5%, correlation coefficient 0.87, and the percent error 6.7%. Intrareader mean absolute IMT difference was 0.07Ϯ0.04 mm (CCA near wall 0.06Ϯ0.05 mm and CCA far wall 0.04Ϯ0.04 mm), variation coefficient 5.4%, correlation coefficient 0.94, and the percent error 5.6%. In our laboratory, we have found that the measurement between near and far wall is reliable with comparable interreader reliability. The proportions of obtainable IMT measurements per carotid segment were: CCA near wall 95.5%, CCA far wall 95.7%; BIF near wall 87.9%, BIF far wall 91.6%; ICA near wall 70.6%, and ICA far wall 79.6%. More than 85% of subjects had measurements obtainable from 9 or more of the 12 carotid IMT sites.
Genotype Data
DNA was sent to the Center for Inherited Disease Research (CIDR) for genotyping. At CIDR, a 10 cmol/L screen of 405 STR markers was performed after quality checks. STR genotypes were used to verify and adjust family structure using the programs Relpair and PREST. 21, 22 Mendelian error checking was performed on the final family structure using Pedcheck. 23 
Statistics
Variance components methodology in SOLAR was used to calculate two-point and multipoint LOD scores and identify QTLs. 24 -26 Heritability was evaluated using a pedigree-based maximum-likelihood method implemented. 27 Because SOLAR requires that quantitative traits be normally distributed, traits were natural-log transformed and multiplied or shifted. Observations beyond 3 to 4 SD from the mean were dropped to ensure normality. An initial polygenic model for each trait was used to estimate significant covariates (PϽ0.10) that were used in all final analyses. The standard parameterization in SOLAR that we used represents a proportion of the total variance after the effect of all covariates has been removed. Thus, the residuals of the trait are used for analysis and checked for normality (kurtosis Ͻ0.8) before proceeding.
Covariates that were tested included age, sex, waist hip ratio, body mass index, and history of hypertension, hypercholesterolemia, diabetes, and smoking. Most covariates were used as continuous variables, whereas standard definitions were used for categorical covariates. Hypertension was defined as reported history of high blood pressure, systolic blood pressure Ն140 mm Hg, or diastolic blood pressure Ն90 mm Hg. Diabetes was defined by history or fasting blood sugar Ն126 mg/dL. Hypercholesterolemia was defined by history or total cholesterol Ͼ240 mg/dL. Smoking was defined as never versus ever, and pack years were calculated as number of cigarette packs per dayϫyears smoked.
Allele-sharing models were obtained by estimating identity by descent (IBD) for each marker. LOD scores were calculated using a log (base 10) ratio of the likelihoods of the polygenic and markerspecific models. Empirical probability values were calculated for each trait based on 10 000 replicates in which a fully-informative marker, unlinked to a given trait, was simulated and used to compute possible LOD scores. Locus-specific heritability, h 2 q (heritability attributed to the QTL), was calculated for specific loci after adjusting for the significant covariates.
Additionally, we performed ordered subsets linkage analysis (OSA). 28 We ranked families separately by the percent of hypertension (percent with SBP Ͼ140) and mean total cholesterol level in a family. For each ranking trait and ordering strategy, we added family-specific LOD scores in trait rank order until all families were included to evaluate the linkage results for chromosomes 14 and 7. For each ordering strategy and for each carotid trait, a permutation procedure was implemented to generate empirical probability values to test the hypothesis that ordering by family phenotype gave stronger linkage than random ordering. Specifically, 10 000 random family orderings were permuted and the maximum LOD scores from each random ordering were compared with the OSA results to derive the empirical probability values.
Results
Overall, 1508 subjects from 110 families (Dominican Republic 100, Puerto Rico 4, Cuba 2, Ecuador 2, Nicaragua 1, and Colombia 1) were enrolled. The mean family size was 13.9Ϯ7.7; median 12.5, and range 3 to 90. Thirty percent (456) of the subjects were enrolled in the Dominican Republic. To reduce heterogeneity we restricted our analyses to the 100 Dominican families. The characteristics of these Dominican families were: 2184 individuals, 1460 sib pairs, 452 half-sib pairs, and 2273 avuncular pairs; 1390 subjects had carotid phenotypes measured (542 males; 848 females). Clinical characteristics are shown in Table 1 . Our family study consisted of younger individuals (mean age 46.2 years), and the prevalence of small carotid plaques was only 22.8%.
Final heritability estimates of our carotid IMT phenotypes are shown in Table 2 . Total mean carotid IMT had a heritability of 0.65 after adjusting for age, age 2 , sex, cigarette pack-years, body mass index, and waist hip ratio. Additionally, hypertension and diabetes met our covariate inclusion criteria (PϽ0.10) for CCAx. Both age and age 2 were retained LOD SCORE indicates SOLAR multipoint LOD score; h2q, locus-specific heritability; P value, empirical P value based on 10 000 replicates; H to L, high to low ranking; L to H, low to high ranking. 
Sacco et al Linkage Analysis for Carotid IMT 2309
as significant covariates in our heritability estimates. Heritabilities ranged from 0.41 to 0.65 across the different carotid segments and were significant for all segments. Maximum multipoint LOD scores Ͼ1.5 are listed in Table 3 . LOD scores Ͼ2 suggestive of linkage were found on chromosomes 7p and 14q (Figure 1) . The maximum LOD score on 7p was at D7S817 for BIFm and BIFx. The maximum LOD score on chromosome 14q was at D14S606 for IMTm and BIFm and BIFx also map to this point (Figure 2) . Among the 69 families with the highest percentage of hypertension, our LOD score significantly increased (Pϭ0.0002) to 4.12 for IMTm on chromosome 14q and to 3.3 (Pϭ0.0164) among the 80 families with lower total mean cholesterol levels.
Discussion
The main goal of our Family Study is to identify susceptibility genes for cerebrovascular risk phenotypes, such as subclinical carotid disease, and thereby facilitate the search for genetic mechanisms of stroke and cardiovascular disease. We have established the high heritability of carotid IMT within our Dominican families and completed a linkage analysis as a hypothesis-generating method to identify regions of interest that might contain genes influencing our quantitative traits. We have identified peaks on chromosomes 7p and 14q to be pursued with fine mapping. Moreover, these QTLs appear to explain a reasonable amount of the overall heritability in our trait. The results from our QTL analysis of our Dominican Family Study are the first stage in identifying new genes for carotid IMT.
Several studies have evaluated candidate genes for carotid IMT; however, the results have been inconsistent. 29 Of the many candidate gene studies reviewed, only one variant, the 5A/6A polymorphism of the matrix metalloproteinase (MMP3) gene, showed consistently positive associations with carotid IMT in a small number of studies. Studies provide evidence for modest associations for variants in APOE, Angiotensin Converting Enzyme (ACE) and NOS3 candidate gene with carotid IMT. In our former candidate gene study, carotid IMT was associated with allelic variants of stromelysin-1 (MMP3), interleukin 6, and hepatic lipase. 17 Of these candidate genes, 3 are located on chromosome 7 (PON1, NOS3, and interleukin-6), but not near our linkage peak, and 1 is on chromosome 15 (hepatic lipase).
Multiple genes are likely to influence carotid IMT which could account for some of the variation in findings among genetic studies. Other factors include population characteristics, genetic heterogeneity, small sample sizes and sampling errors, possible confounding, gene-environment interactions, and differences in IMT measurement methods. Findings from white populations may not be the same when evaluated in Hispanic populations. Moreover, candidate gene studies are limited to the a priori candidates chosen, whereas family study designs allow for gene discovery.
Other family studies have investigated carotid IMT. In the NHLBI Offspring Cohort of the Framingham Study, there was no association for carotid IMT meeting criteria for genome-wide significance. 30 However, 11 SNPs with PϽ10 Ϫ5 were identified for maximum internal carotid IMT and 5 SNPs with PϽ10
Ϫ5 by family based association testing (FBAT) for mean common carotid IMT. In addition, several regions of linkage to internal carotid IMT were identified on chromosome 12, confirming previous results from the same population. 31 Suggestive evidence for linkage with carotid IMT was reported at our peak at D14S606 (2 point LODϭ1.75) in Framingham Heart Study Offspring cohort. 31 Replication of linkage evidence in our study at D14S606 substantially corroborates this QTL. This marker has also been associated with arterial stiffness in blacks in the Hypertension Genetic Epidemiology Network study. 32 Candidate genes near D14S606 include secreted modular calcium binding protein (SMOC-1), a secreted glycoprotein that mediates cell-matrix interactions, and fibulin-5 precursor (FBLN5), a secreted protein that promotes cell-cell adhesion. Both of them have been implicated in vascular remodeling and therefore could contribute to interindividual IMT variations.
Linkage peak on chromosomes 7p has never been previously reported in relation to carotid IMT. Several candidate genes are located within the chromosomal 7p linkage region, including neuropeptide Y (main effect in increased food intake and decreased physical activity), lamin A/C (implicated in familial partial lipodystrophy, a syndrome of monogenic insulin resistance and diabetes), and secreted frizzledrelated protein 4 precursor (SFRP4, an antagonist of the WNT/␤-Catenin signaling pathway). Mounting evidence has suggested that the WNT/␤-Catenin signaling pathway regulates vascular smooth muscle proliferation and apoptosis. It is conceivable that perturbation of this important pathway would lead to phenotypic variations of IMT.
Our Family Study is uniquely designed to evaluate the genetic precursors of stroke and cardiovascular disease with a focus on subclinical disease in Dominicans. A number of family studies have investigated the contribution of genetics to cardiovascular disease, but primarily among white nonHispanic populations. The San Antonio Family Heart Study includes Mexican Americans, whereas the Multi-ethnic Study of Atherosclerosis (MESA) now includes a family cohort of 450 Hispanic families, mainly sib trios. 33, 34 Only MESA includes some Caribbean Hispanics and is capable of evaluating the genetics of cerebrovascular risk phenotypes, such as carotid disease. Carotid IMT was also evaluated in the Mexican American Coronary Artery Disease family study. 35 The multivariate adjusted heritability was 0.40 and the strongest evidence of linkage was on chromosome 2 at D2S2944 with smaller LOD scores on chromosomes 6 and 13. Although these results may help generate hypotheses for several genes that may be evaluated for association with subclinical atherosclerosis, the validation in different raceethnic populations is lacking.
Several studies have shown that OSA offers promise in dissecting the genetic basis for complex traits by reducing heterogeneity and increasing statistical power. 28 We have found that Dominican families with a higher prevalence of hypertension significantly contributed to the linkage signal on chromosome 14q for carotid traits. This suggests that loci in chromosome 14q may interact with hypertension to determine carotid variations in Dominican populations. To avoid potential confounding on phenotype-genotype correlation, this interaction should be considered in future fine mapping or association studies.
The strengths of our study are the well characterized families, large family sizes, and detailed systematic measurements of our quantitative phenotype. By focusing on one ethnic group using a family study design we have minimized the effects of heterogeneity. Approaches to mapping quantitative phenotypes also offer efficient statistical advantages over discrete traits. Some of the limitations of our study include the focus on 1 ethnic group in whom findings may not be applicable to other ethnic groups. Even within 1 ethnic group there may still be genetic heterogeneity which could confound our results. Our findings require fine mapping to identify the genes and variations underlying carotid IMT traits.
The AHA has called for research that prioritizes studies that "characterize genes and genetic variants that are associated with cardiovascular disease across individuals, communities, and populations" and "develop new technologies in cardiovascular disease characterization, risk assessment, and outcome prediction." 1 Finding susceptibility genes for carotid IMT may lead to the discovery of new pathogenetic pathways for the development of carotid disease, and ultimately stroke, provide insights into disease modifying treatments, and aid in the development of earlier risk prediction and prevention. Our Family Study provides essential data on Caribbean Hispanics not available from other studies and helps fill gaps in our knowledge of the genetics of cerebrovascular risk phenotypes in minority populations.
